Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

8-11-2007

Study of Powder Metal Press and Sinter Process and Its Tool
Wear
James Kyle Thompson

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Thompson, James Kyle, "Study of Powder Metal Press and Sinter Process and Its Tool Wear" (2007).
Theses and Dissertations. 4131.
https://scholarsjunction.msstate.edu/td/4131

This Graduate Thesis - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

STUDY OF POWDER METAL PRESS AND SINTER PROCESS
AND ITS TOOL WEAR

By
James Kyle Thompson

A Thesis
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Master of Science
in Engineering
in the Department of Mechanical Engineering
Mississippi State, Mississippi
August 2007

STUDY OF POWDER METAL PRESS AND SINTER PROCESS
AND ITS TOOL WEAR

By
James Kyle Thompson
Approved:

_______________________________

________________________________

Randall M. German
Center for Advanced Vehicular Systems
Chair Professor, Mechanical Engineering
(Director of Thesis)

Steven R. Daniewicz
Graduate Coordinator of the Department
of Mechanical Engineering

_______________________________

________________________________

Seong Jin Park
Associate Research Professor
(Committee Member)

W. Glenn Steele
Dean of the Bagley College of Engineering

_______________________________
John T. Berry
E.P. Coleman Professor
(Committee Member)

Name: James Kyle Thompson
Date of Degree: August 11, 2007
Institution: Mississippi State University
Major Field: Mechanical Engineering
Major Professor: Dr. Randall M. German
Title of Study:

STUDY OF POWDER METAL PRESS AND SINTER PROCESS
AND ITS TOOL WEAR

Pages in Study: 83
Candidate for Degree of Master of Science
A new methodology was developed to observe and measure tool wear during the
die compaction process. The newly developed method is a non-destructive test using
silicon rubber to transcript die surface profiles. Tool wear was observed and measured
by recording surface roughness and diameter of the cylindrical die replicas on a surface
profiler including weight loss in the die. To validate this procedure, an aluminum alloy
powder without lubricant was compacted to examine the effect on die wear. The die
materials were machined from several wrought and composite materials.

A further

dimension to the program was the variance of compaction pressures and lubricants.
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CHAPTER I
INTRODUCTION
Compaction of powders by mechanical pressing is a common method of
processing components in the field of powder metallurgy (PM). Although there are
alternate means of manufacturing such as casting and forging, many times the properties
provided by PM components are more suitable for specific applications.
A common problem in compaction is the phenomenon of wear in the tooling.
Wear is the gradual removal of material from one surface due to exposure to another
material surface.

There are numerous factors that affect the wear rate in powder

compaction. The punches and dies are in contact with each other as well as other metals,
many times with hard particles, so the normal force, velocity, distance, and lubrication in
combination with high volumes of components produced are contributors [1]. Wear in
aluminum powder compaction is no different. Because of aluminum’s high oxidation
rate, the surface of the powder has a surface oxide that makes it especially prone to cause
wear when forced onto another metal surface [2]. The oxide layer is even more prevalent
as the particles size becomes smaller, as this increases the relative oxide thickness, which
in turn increases the hardness of the particle. Aluminum alloys can cause even more
wear problems when they contain higher volume percentages of a constituent or a
hardening phase, such as silicon or a ceramic [3-5].

1

It is difficult to quantify tool wear in a production environment largely because
the equipment must be diverted from production to perform standard tests. The goal of
this research was to determine a way to measure wear in aluminum powder compaction
while quantifying it at the same time. The dies were weighed for mass loss and replicas
of the die cavity were measured using surface profilometry equipment between specific
cycle intervals.

Several common die materials were used so that proper material

selection was considered in the experiments.
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CHAPTER II
THEORETICAL BACKGROUND
2.1

Mechanical Pressing
Compaction of powders by mechanical pressing is of wide industrial application.

It is used in numerous in numerous industries to consolidate ceramic, pharmaceutical,
metal, and polymer powders just to name a few [6-9]. In its simplest form, uniaxial
compaction consists of an upper punch lowering a specified distance into a cavity prefilled with powder. In the popular form, called floating die compaction, a lower punch is
located at a specific depth within the die, termed the fill position, and remains motionless
while the powder is being compressed. The lower punch then moves upward or the die
moves downward pushing the pressed component out of the die cavity in a motion called
the ejection stroke. A similar process is shown in Figure 2.1 except in this figure the
lower die is also exerting a force on the powder.

3

Figure 2.1

Die compaction process from start to finish using a double action pressing
motion [10]

The component that is ejected from the die is called a green body which has associated
properties such as green density and green strength. Typically this body is sintered to
enhance mechanical properties. Care must be taken not to overload the press with
excessive force which will lead to failure of press tooling.
The values obtained for the green density versus compaction pressure were input
into PMsolver (Cetatech, Inc., Sacheon, Korea) to determine a curve fit using the model
by Shima and Oyane [64]. This model relies on a generalized form of the yield criterion
for compaction as,

⎛ q
Φ = ⎜⎜
⎝σm

2

⎛ p
⎞
⎟⎟ + α (1 − D )γ ⎜⎜
⎠
⎝σm

4

2

⎞
⎟⎟ − D m
⎠

Where D is the relative density, q is the effective stress, p is the hydrostatic
pressure, σm is the flow stress of the fully dense material, and α, γ, and m are material
parameters. Parameters α and γ are determined by fitting the yield stress data from the
uniaxial cylindrical compression tests over a range of relative densities [65]. The flow
stress, σm, of the fully dense material includes work hardening via a simple power-law
strain relation defined as follows:

σ m = a + b ⋅ ε mn

where a, b, and n are material parameters and

m

is the effective strain of the fully dense

material.

2.1.1

Sintering

Sintering is a thermal process, usually performed at more than one-half the
absolute melting temperature of the material, by which particles bond to one another on
the atomic level [30]. This bonding gives the consolidated body higher strength and
many times increased density due to dimensional shrinkage. Sintering can be performed
in the solid-state or via the formation of a liquid phase, which is heavily used in industrial
applications.
Aluminum sintering has proven to be problematic. Much of this is due to the
oxidation on the Al powder surface whose thickness is controlled by the processing and
storage conditions [4,31-33]. The oxide layer is the main deterrent preventing solid state
sintering at lower temperatures [4,34-36]. At 600˚C, an oxygen partial pressure of <10-50
5

atm is needed for oxidation reduction and this is not obtainable [30]. Alloying elements
such as Cu and Si form a eutectic phase while Mg and Ce disrupt the oxide layer and aid
in wetting and densification. Figure 2.2 shows the impact of 1 wt. % addition of Mg on
sintered density of an Al alloy.

Figure 2.2

The microstructure of an Al6061-4Sn-15 vol.% polyethyl methacrylate
(PEMA) sintered for 1 h at 635˚C with (b) and without (a) 1% Mg
addition [36]

There are numerous factors that must be considered in finding the optimum
sintering cycle for Al alloys. The powder selection, lubricant, compaction pressure,
atmosphere, heating rate, peak temperature, hold time, and cooling rate all have a critical
affect on the sintering cycle.

There are different problems associated with using

elemental mixed powders and pre-alloyed powders as elemental powders are more
difficult to compact leading to lower green densities. The size of the powder is important
with respect to the sintered grain size and the time it takes for sintering to initiate. Many
times lubricants are admixed in the powder to aid in compaction. However, they must be
removed before sintering. Studies have shown only very few solid lubricants used in the
PM industry are suitable for processing Al powders [30]. A study using stearic acid,
6

lithium stearate, zinc stearate, liquid paraffin, Acrawax, and paraffin wax the best results
were obtained using the paraffin wax and liquid [37]. The authors, M. Youseffi et. al,
attributed the success to the short burn-off range and lack of residue after sintering.
Compaction pressure affects the sintering process in several ways. Higher pressure will
increase the green density which leads to a lesser density change during sintering and, in
turn, less shrinkage. It also creates discontinuities in the oxide films on the aluminum
powder surface which is necessary to form proper bonds upon sintering.
Atmosphere is a key factor as numerous experiments have shown. Nitrogen has
proven to be the most appropriate with a minimum dew point -60˚C according to Schaffer

et al. It actually forms AlN which aids in disrupting the oxide layer and facilitates
diffusional processes [36]. Vacuum is also an option as has shown to provide good
results in several alloys. Hydrogen atmospheres are not useful in sintering Al powders as
it is highly soluble in liquid aluminum. This solubility causes the hydrogen to refill the
pores via the liquid pathway [36]. The most common heating rates in Al LPS are from 5
to 15˚C/min [34]. Higher rates would be more appropriate for industrial applications as
the slower rates add to the cost of production. Peak temperature of sintering cycle
usually falls within 590 to 630˚C with hold times of 20 to 60 minutes [30,34-39]. The
longer time allows for a prolonged liquid phase, increased wetting, which in turn
increases the density.

2.2

Tool Wear

Tool wear in powder compaction is similar to wear experienced in numerous
other materials processing applications, such as drawing, forming, bending, extruding,
7

injection molding, die casting, metal cutting, etc [17-23]. There are numerous techniques
and methods that can help prevent wear in dies and punches. First of all, proper material
selection and microstructure will allow a tool set prolonged life [24,25]. Some of the
more common die materials used in industry consist of heat treated tool steels (cold and
hot work steels) and cemented carbide (WC-Co). Surface treatments, such as applying
coatings and lubricants, are other common methods of prolonging tool life through
reduction in wear. The numbers of surface treatments available are countless as new
processes are continually under development. The application of the surface treatments
are usually performed by physical vapor deposition (PVD), chemical vapor deposition
(CVD), thermo-reactive diffusion (TD), and various forms of heat treatments [18-21,2628]. Die lubricants used in the PM compaction industry were also discussed somewhat in
the literature.
It has been shown that cemented carbide tool materials out perform tool steels in
many compressive loading applications [18]. However, the difference in the cost of the
two materials is considerable so it becomes a cost benefit trade-off. Much of this cost
difference is due to the difficulty of machining cemented carbide with common practices.
Increasing tooling complexity of the cemented carbide also calls for increased machining
costs. Compaction tooling costs can be determined by three main elements [29]:
1) Dies and punches (also core rods)
2) Tooling accessories (punch holders, core rod holders, powder feeding devices)
3) Tool replacement, especially punches and core rods
With respect to the elements mentioned, the focus of the present research is on the choice
of die material. According to the cost model by Boothroyd et. al [29], choosing a carbide
8

die over a traditional tool steel will cost the manufacturer approximately three times more
when considering factors such as raw material, machining, and finishing costs
(calculations in Appendix A) for a relatively small die and this will increase
exponentially where larger and more complex dies are required.

Values were also

calculated using the die dimensions of the present research. The results were within $160
of the actual cost of these dies.

2.2.1

Wear Mechanisms in PM

Because wear does not have a specific material value, it can be considered a
system characteristic. The processes in solid body systems can be classified into different
categories such as sliding wear and rolling wear [40].

There are numerous wear

mechanisms such as adhesion, abrasion, surface fatigue, erosion, corrosion, electrical arcinduced, etc. [41]. However, a combination of all mechanisms is not usually observed
within the same system.
The Automotive Handbook [40] describes adhesion as the formation and
separation of atomic surface bonds. It can be observed when one metal bonds with a
second and then breaks away leaving some of the first metal behind on the second
surface. This form of wear is commonly referred to as galling, scuffing, or smearing and
can be noticed gradually as operation time progresses [41]. Abrasion occurs when a
rough or hard surface slides over a softer surface leaving behind visible markings and is
also referred to as ploughing, scratching, scoring, gouging, or cutting [41]. This form of
wear is highly dependent on the differing of hardness between the two materials in
contact; as the farther apart they are on the hardness scale, the more quickly abrasive
9

wear occurs.

Surface and subsurface fatigue are caused by a cyclic loading and

unloading of a material surface. This loading can cause cracks near-surface which will
eventually lead to a breakup of the surface in the form of spallation fragments [40,41].
Unlike abrasive and adhesive wear, surface fatigue does not gradually remove material
from a surface and instead is noticed after a critical number of cycles.
The three basic wear mechanisms that can be observed in powder metallurgy
compaction tooling are abrasive, adhesive, and surface fatigue [1,42,43]. Much of the
wear in metal powder compaction involves abrasive wear on die walls and punches due
to sliding of hard phases in the powder matrix along the tool members [42,43]. Adhesive
wear, or galling, can also occur causing the punch and die to weld together which will
pull material from one of components or ultimately cause seizure of the punch within the
die. Surface fatigue is also a factor but can be difficult to characterize when abrasion and
adhesion are the dominant mechanisms.

2.2.2

Die Wall Friction

A major concern in the powder compaction process is die wall friction [11-13].
One of the effects of this friction is observed during ejection because the compacted body
does not easily slide out of the die cavity. Die wall friction can be reduced by numerous
methods such as adding a lubricant to the die wall or admixing it in the powder. Some of
the most common lubricants consist of stearate powders at concentrations of 0.4 to 1.5
weight % [10-12,14,15]. Premature die wear can be prevented by proper lubrication
techniques, reducing friction, as well as other factors. Aluminum powder compacts have
been reported since the 1940’s, however, the lack of a satisfactory die wall lubrication
10

system was one of the main barriers in the industrialization of high volumes of Al
components [16].

2.2.3

Quantifying Wear

Wear can be difficult to quantify and this is in part because there is not a
universally acceptable measurement method [44,45]. This is due to the fact that wear is
affected by multiple parameters such as sliding velocity, contact stress, humidity, surface
roughness, temperature, material hardness, and situational conditions such as acidic
environments.

One of the most commonly used equations for quantifying wear is

Archard’s Equation [68,69].

V =

kFx
3H

Where V is the volume of debris produced, k is Archard’s coefficient, F is the force
normal to the surfaces, x is the total sliding distance, and H is the hardness of the softer
surface. Archard’s coefficient, k, is the probability that two asperities coming in contact
will form a fragment during sliding [46].
Several methods are used to measure wear such as surface profilometry, optical
microscopy, scanning electron microscopy (SEM), energy dispersive spectroscopy
(EDS), dimensional change, and mass loss [18,20,47-49,50]. Combinations of multiple
techniques are helpful in validating the results.
Surface profilometry is used to measure surface topographies of user defined
surfaces. A surface profilometer can be used to measure numerous conventional surface
texture parameters and some of the most common are defined in Table 2.1 where z is the
11

measured elevation and N is the measurement number. The arithmetic average (Sa) and
root mean square average (Sq) are based on the average of the heights of the peaks in the
measured area. Sq is more specifically the standard deviation of the measured heights
about the fit plane also called the second statistical moment. The skewness (Ssk) is a
measure of the fullness or emptiness of a surface with result to being a negative skew or a
positive skew. It is also the third statistical moment. The kurtosis (Sku) is the fourth
statistical moment and is the measure of feature sharpness. Higher kurtosis is found in
textures with sharper features [49,51].
Table 2.1

Surface texture characterization parameters [49]

Name
Arithmetic average
Root mean square
roughness

Symbol
Ra (Sa)

Definition
Ra = N1 ⋅ ∑ z

Rq (Sq)

Rq =

Skewness

Rsk (Ssk)

Rsk =

Kurtosis

Rku (Sku)

1
N

⋅∑ z2

1
⋅ z3
3 ∑
N ⋅ Rq
1
Rku =
⋅ z4
4 ∑
N ⋅ Rq

Sa (Ra) is the most common parameter used in literature and it will be focus of this
research.

2.2.4

Tribological Studies

Common methods of performing wear studies involve tribological experimental
setups such as block-on-ring, pin-on-disk, and ring-on-disk [52-54]. In the case of pinon-disk, the pin is made of one material while the disk is made of the material under
observation. The disk is rotated at a specified rpm while the pin sits on the disk with a
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known force applied. The samples are usually weighed for mass loss and periodical
surface characterization is performed using surface profilometry or optical and electron
microscopy techniques. While these experiments give some important information, many
times it is difficult to relate this data to a process in an industrial environment. It gives
wear data for a very simple operation and cannot replicate affects of larger surface areas,
differing geometry, and environmental conditions.
Another method to determine wear is to observe the material in an actual
manufacturing process [28].

Ideally, one could take the particular material in its

manufactured form and observe, measure it under actual manufacturing conditions.
However, it is difficult to quantify tool wear in a production environment largely because
the equipment must be diverted from production.

2.3

Replicas

Replicas have been used for many years in fields from aerospace to archeology to
skin research [55-60]. Most of the uses have been to observe surface topologies, profiles,
and fracture surfaces. However, some of the research has involved using replicas to
capture punch cavities and hole diameters. The key to using replicas successfully is to
understand the importance of having a flawless replica and to use a replicating material
with a high resolution [61]. One must remember that the replica surface will be inverted
but this does not affect the Sa value as this is an averaging parameter [62].
Since replicas can be used to transcript detailed surfaces, it is not unreasonable to
assume they can be useful in replicating die cavity surfaces in the powder metal
compaction process.

More specifically, replicas can be used to measure wear in
13

cylindrical die cavities by observing the change in surface roughness and replica diameter
with respect to the number of compactions performed.

14

CHAPTER III
EXPERIMENTAL PROCEDURES
3.1

Materials

Three tool materials were used in the present research: tungsten carbide (Basic
Carbide, U.S.A.), CPM T15 (Crucible Materials Corp.), and CPM 10V (Crucible
Materials Corp.).

The pre-mixed, air atomized, aluminum alloy powder used in

compaction was Ampalloy AMB 2712 provided by Ampal, Inc. Acrawax C (Lonza, Inc)
was mixed at different wt. % compositions with the Al powder to obtain comparison data.
In addition to the Al powder, iron powder (North American Hoganas) was also
compacted without additional lubricant. Table 3.1 gives some details of the powders.
SEM (Car Zeiss SMT Inc, Stereoscan 360) images of the powder particles are given in
Figures 3.1 and 3.2. All punches were made from M-4 tool steel.

15

Figure 3.1

Ampalloy AMB 2712 aluminum powder provided by Ampal, Inc.

Figure 3.2

Fe powder provided by North American Hoganas
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Table 3.1

AMB 2712 and Acrawax powder details
Powder

AMB 2712

Vendor

Ampal

Composition
Mesh
Pycnometer density (g/cm3)
Apparent density (g/cm3)
Tap density (g/cm3)

3.2

Al–3.8Cu–0.75Si–
1.0Mg
-100/+325
2.71
1.22
1.51

Fe
North American
Hoganas
Fe-0.9Mo-2Ni-.2C.7 lub
-60
7.64
3.16
3.87

Acrawax C

Lonza, Inc
-140/+325
-

Compaction

The Al powder was compacted using a Carver Hand Press (Model M, hydraulic
unit Model 3925) and an industrial tablet press (Stokes Model F, 4 Ton Mechanical
Press).

The hand press was used to make rectangular compacts for powder

characterization while the tablet press was used for the tool wear studies. A verification
study of the hand press showed that pressure measurements were accurate to within + 7
MPa (see Appendix B).

3.2.1

Die Compaction Behavior

Transverse rupture strength (TRS) bars of the non-lubricated Al powder were
compacted using the hand press in a floating die of dimensions in accordance with MPIF
Standard 41 [63]. Various pressures were used for compaction ranging from 27 to 329
MPa with the number of compacts for each pressure ranging from three to twelve.
Approximately 4.75 g of powder was measured for each Al compact but the compact
weights varied due to loss of powder during the die filling process. The green densities
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of the compacts were calculated using mass (Denver Instruments, Model PI-314) and
volume (vernier calipers) measurements as well as Archimedes density equipment. The
mass scale was calibrated using multiple measurements of a 10 g mass standard and its
accuracy was + 0.0008 g. Vernier caliper accuracy was + 0.01 mm.
Some Al powder was mixed with 1.5 and 3.0 wt. % Acrawax C. It was then
compacted into transverse rupture strength bars at four pressures (83, 110, 165, and 193
MPa).

Green densities were measured using the method previously mentioned to

generate with pressure versus density data provided by the manufacturer. Additionally,
the Al powder was compacted with the addition of Acrawax C wall lubricant to
determine the friction effect along the die wall.

3.2.2

Industrial Compaction Cycles

To observe the effect of wear of the Al powder on tooling in an industrial
environment, the tablet press was used with the three die materials mentioned previously.
Cylindrical compacts with diameters of 6.35 mm and heights of approximately 5.30 mm
were compacted at a rate of approximately 70 compacts per minute. The carbide die was
used initially to benchmark the press features by calibrating the upper punch stroke
length to achieve compact relative densities of 95% theoretical. Because the tablet press
gives no indication as to the amount of force exerted on the powder during compaction,
the hand press compacts were used to create a plot of compaction pressure versus green
density which shows the pressure required to create a sample of a given relative density.
The top punch, bottom punch, and die drawings as well as several redesigned press
components are given in Appendix C.
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The Fe powder was also used in the tablet press due to a shortage of Al powder.
The compacts were approximately 92 to 95% dense while using the T15 die which
proved to be detrimental to punches, and in turn, die life.

3.3

Wear Measurements

Initially, all dies and punches were measured for mass and dimensions (Appendix
D). The punch and die dimensional measurements were provided by the manufacturer
using a coordinate measurement machine and calipers while mass measurements were
recorded on a mass scale (Denver Instruments, Model PI-314). Because of trying to
replicate the industrial powder compaction process, the die and punches were not
removed regularly for measurements due to the additional down time this would add in
the process. However, they were measured upon each removal which in some cases only
involved their removal upon completion of testing.
The die replica diameters were measured using the single-scan profile feature on a
surface profilometer (Talysurf CLI 2000). Several compacts were saved close to the
compaction numbers of the replicas and also measured to determine diameter variation
over time. Surface profilometry techniques were also used to observe wear within the die
cavities using die replicas and will be discussed in future sections.

3.3.1

Die Replicas

Die cavity replicas were created using RepliSet (Struers) which is a two-part
silicone rubber compound that is squeezed into the die via a dispensing gun through a
static mixing nozzle (Figure 3.3). The specifications provided by Struers for RepliSet are
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shown in Table 3.2 while the experimental validation of the replicas is discussed in
Section 3.2.2. The filled die cavity was then covered with backing paper (Struers) which
indicated the orientation on the press at 0, 90, 180, and 270 degrees counterclockwise.
These marks gave an orientation that could be recorded during measurements of the
replicas. Once the backing paper was laid on top of the filled die cavity, a small amount
of pressure was applied to the paper by hand to ensure adequate filling of the cavity and
help to remove any air that might be trapped. Replicas were taken at specific intervals
throughout the compaction process.

Figure 3.3

Process of creating die cavity replica using Struers RepliSet system by
(left) injecting two part mixture via dispensing gun, (right) apply backing
paper to remove die replica from die cavity after curing. Paper orientation
is labeled for later use on surface profilometer.

Table 3.2

RepliSet replica technical data provided by manufacturer

Resolution
Shrinkage
Strength
temperature
life span

0.1 micrometer
negligible
15 to 20 kPa
-10˚C to +180˚C
indefinite
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3.3.2 Roughness Measurements

Three dimensional surface data of the die cavity replicas were obtained using a
surface profilometer (Talysurf CLI 2000) with a manufacturer specified resolution of 0.1
μm. Data were first recorded at four different areas per die replica using the 0˚, 90˚, 180˚,
and 270˚ markings in Figure 3.3 as reference. A bi-directional laser scan was used from a
50 μm/s to 9 mm/s measurement speed and measurement areas of 0.48 mm2 to 40 mm2.
For some replicas, the entire length of the replica was scanned at angles of approximately
45˚ and 135˚ as measured by a protractor and viewing from the end of the replica as it lay
parallel to the table. Also, multiple, small scans were used along the same plane to
determine the difference in small and large area scans.
The conventional roughness parameters were calculated by software provided by
the profilometer manufacturer called TalyMap Universal. Also, one or two compacts
were saved at each die replica interval to be used for measurements as well. The
nomenclature used by the software is the same as defined in ASME B46.1 [66]. Table
2.1 gives details defining the parameters observed. Basic roughness parameters were
observed from the surface profilometry data.
Numerous experiments were performed to verify the accuracy of the surface
profilometer measurements using standard roughness block and the replica material.
First, scanning was performed on a 6.0 μm roughness standard using different
combinations of measurement speed, resolution, and area with consideration of the total
time to perform each reading. The resolution chosen was based on the fastest time to
complete the measurement without sacrificing accuracy. Some time study plots are
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shown in Figure 3.4 while Figure 3.5 gives results from the resolution study comparing
two different measurement areas.
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Surface profile measurements showing roughness versus time
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Scan results of 6.0 μm roughness standard to determine optimum speed
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Replicas were then taken of the roughness standard and measured using the scanning
speed of 2 mm/s and an area of 1 mm2. Roughness parameters were measured at three
zoomed areas within each reading. The average results of the five readings fell between
5.9 and 6.0 μm while the average of all 15 readings were 6.0 μm (Figure 3.6). However,
this was a flat surface and validation data was also required of a curved surface since the
die cavity is cylindrical. This was performed by replicating a hole in an aluminum plate
and then sectioning the hole and comparing both surfaces on the profilometer. The hole
and replica were labeled so measurements could be recorded at approximately the same
locations. The scan area was large enough that multiple zoomed measurements could be
observed.

The results of this study (Figure 3.7) showed the average roughness

measurements from the hole and replica were 7.4 and 6.9 μm respectively. It was noted
that as the scan area increased on the curved surface, the Sa values increased greatly.
This was attributed to the large curvature of the surface and the lack of robustness of the
leveling feature in the TalyMap software. However, accurate and repeatable results could
be obtained by averaging small scan areas.
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Scan results of 6.0 μm roughness standard replica to validate replica
material
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Scan results of hole and replica to validate replica material

Lastly, the replica diameters were measured on the surface profilometer using the single
scan surface profile feature. Measurements recorded using this feature only give values
to the nearest 10 μm although the laser scanner has 0.1 μm resolution. This lack of
resolution prevents highly accurate quantification of diameter changes. Raw data from
plots in this section are given in Appendix E.
24

3.4

Sintering and Mechanical Testing

Many of the transverse rupture strength compacts were set aside for sintering.
Sintering was performed in a Lindberg/Blue retort furnace (Model CF56822C) under a
nitrogen (N2) atmosphere. A design of experiments (DOE) approach was taken with
pressures ranging from 83 to 241 MPa, sintering temperatures ranging from 575 to 625
˚C, heating rates ranging from 3 to 9 ˚C/min, and holding time ranging from 15 to 45
minutes was performed to observe the optimal sintering conditions. Calibration was
performed after the experiments and it showed that the temperature reading on the
furnace was 30°C higher than the actual temperature inside the retort. Three samples
were used for each of the nine experiments in Table 3.3 giving a total of 27 sintered
samples. In addition, sintering was performed on some cylindrical compacts from the
tablet press. These compacts were sintered in a tube furnace (Carbolite 1600) in N2
atmosphere, heating rates of 5 and 7°C/min, peak temperatures 600 and 620°C, hold
times of 30 and 45, and 10 °C/min cooling rate. Dilatometry (Anter Corp., Unitherm
Model 1161) in N2 was also used to help describe the transverse rupture strength behavior
during sintering but calibration was not performed beforehand. The dilatometry results
are only given in Appendix F for reference since the validity of results is unknown.
The samples sintered in the DOE were first used to determine sintered density.
Archimedes density was calculated following MPIF Standard 42 on a Denver Instruments
(Model PI-314) mass scale using Archimedes density equipment (Denver Instruments)
[63]. The Rockwell Hardness (LEC Model LR-300TD) was measured using a 3.175 mm
carbide ball indenter, 150 kg load, on the F scale (HRF). The hardness scale was found
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to be accurate to within + 0.6 units using a standard hardness disk. The samples were
then tested on a tension/compression machine (Instron Model 5869) at a rate of 5
mm/min to determine the transverse rupture strength. The testing procedure followed
MPIF Standard 41.
The compression strength was also tested on the sintered cylindrical compacts at a
rate of 5 mm/min. Compression testing was performed on the Instron machine described
previously.
Table 3.3

Experiment
1
2
3
4
5
6
7
8
9

3.5

Taguchi L9 orthogonal array for sintering design of experiments (DOE)
factor A
compaction
pressure
(MPa)
83
83
83
165
165
165
241
241
241

factor B
heating rate
(˚C/min)

3
6
9
3
6
9
3
6
9

factor C
sintering
temperature
(˚C)
575
625
600
600
625
575
600
575
625

factor D
holding time
(min)

15
45
30
30
15
45
45
30
15

Optical and Scanning Electron Microscopy

Some microstructures were taken of the samples and cylindrical compacts using a
Zeiss Optical Microscope (Axiovert 200M). Several of the replicas and punches were
prepared for electron microscopy by first sonicating in deionized water and ethanol
respectively. The replicas were dried and attached to mounts via carbon tape and finally
sputter coated (Polaron Range) for 40 seconds with gold-palladium. The punches were
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attached to the mounting pins via hot glue and painted with silver paste. They were
coated for 15 seconds with gold-palladium and held in vacuum for 30 minutes to assure
adequate degassing. The electron microscope used for viewing the replicas and punches
was a JOEL field emission gun-scanning electron microscope (FEG-SEM) at 5 kV and
10 kV accelerating voltage respectively.
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CHAPTER IV
RESULTS
4.1

Die Compaction Behavior

The rectangular powder compact green and sintered densities versus compaction
pressure are given in Figure 4.1. The green density data were also entered into PMSolver
to determine the best curve fit and is also described in the same figure. Figure 4.2 gives
results with and without wall lubrication during powder compaction.
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Figure 4.1

Green density versus compaction pressure of unlubricated Al powder
including curve fit using the Shima and Oyane model. Error bars are
included to show accuracy of pressure and density measurements. The
density variance is too small to observe on plot.
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Figure 4.2

Green density versus compaction pressure with and without die wall
lubricant including the curve fit using the Shima and Oyane model.

Figure 4.3 shows a plot of the Al powder plus 1.5 and 3.0 wt. % Acrawax C green
densities versus compaction pressure compared with the results from the Shima and
Oyane model.
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Figure 4.3

Al powder plus 1.5 and 3.0 wt. % Acrawax green density versus
compaction pressure experimental and Shima and Oyane model data.
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All of the Shima and Oyane model parameters for the curves shown previously are given
in Table 4.1.

Table 4.1

Shima and Oyane model parameters for curves with and without lubricants

Condition
Unlubricated
wall lubricant
1.5 % admixed
3.0 % admixed

α
6.2
6.2
6.2
6.2

β
1.028
1.028
1.028
1.028

γ
8.00
6.55
7.32
8.21

a
35
17.5
16.7
15.1

b
155
115
108
102

n
0.35
0.32
0.32
0.32

Cylindrical compact diameters were measured after ejection to be approximately 6.36
mm which calculates to approximately 0.2 % springback.

4.2

Sintering and Mechanical Testing

The DOE sintered samples were measured for density and tested using a Rockwell
hardness machine and three point fracture test and the results are given Figures 4.4 and
4.5.
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Figure 4.5

Transverse rupture strength (TRS) and hardness of DOE transverse
rupture strength bars

Percent contributions were determined using the DOE properties from Figures 4.4 and
4.5 and the results are shown in Figure 4.6.
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Cylindrical compacts were sintered using two different sintering conditions. The sintered
compacts did show some color difference when compared to the green compacts. An
image of these compacts is shown in Figure 4.7. The compression strength was measured
of both green and sintered compacts and an image of a compressed compact is given in
Figure 4.8.

Figure 4.7

Green (left) and sintered (right) Al compacts compacted by the tablet press
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Figure 4.8

Sintered Al compacts shown before (left) and after (center, right)
compression testing

The compression test results from the sintered cylindrical compacts are given in Figure
4.9 and with the compressive strengths of 150 and 200 MPa respectively. Also, optical
microscope images of the sintered TRS and cylindrical specimen are given in Figures
4.10 and 4.11.
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Figure 4.9

Compression test data of sintered cylindrical compacts. The two different
sintering conditions were N2 atmosphere, heating rates of 5 and 7°C/min,
peak temperatures 600 and 620°C, and hold times of 30 and 45 min
respectively.
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Figure 4.10

Optical micrographs of sintered cylindrical compact in N2 atmosphere,
heating rate of 5°C/min, peak temperature 600°C, and hold time of 30 min

Figure 4.11

Optical micrographs of badly sintered (3°C/min, 550°C, 15 min)
transverse rupture strength bar

Lastly, the hardness of the die materials were tested using a diamond indenter and 150 kg
load on the Rockwell C scale and the results are given in Table 4.2.

35

Table 4.2

Measured hardness (HRC) values of the die materials

die material
carbide
CPM T15
CPM 10V

hardness (HRC)
78.1 (+ 0.3)
65.8 (+ 0.3)
64.4 (+ 0.3)

These results are nearly identical to the expected values. The hardness of the tool steels
can vary depending on the heat treatment. The die manufacturer did not provide the heat
treat conditions but it can estimated by comparing these results with the material data
sheets from the raw material manufacturer [70,71]. For CPM T15 to reach a hardness of
the measured value, it must be austenitized from 1180 to 1235°C for 10 minutes and then
triple-tempered from 545 to 590°C for two hours per temper and air cooled to room
temperature between tempers. For CPM 10V to reach a hardness of the measured value,
it must be austenitized from 1150 to 1175°C for 15 to 10 minutes then triple-tempered
from 545 to 555°C for two hours per temper and air cooled to room temperature between
tempers.

4.3

Wear Measurements

A coated die replica was observed in a SEM after sputter coating and can be seen
in Figure 4.12. This replica is the final condition of the T15 die after punch failure due to
high compaction pressure while using the Fe powder. The lines around the curvature of
the die (left to right) are tooling marks from the manufacturing of the die. The marks
were visible upon visual inspection of the die cavity immediately after receiving from the
manufacturer. The large recessed areas show the amount of build-up along the die wall.
The lower right image shows the top view of the replica which is the area that replicates
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the lower punch face. The hole pictured is a defect in the replica where air was trapped
during the replication process.

Figure 4.12

SEM images magnified from 30 to 75 times at 5 kV of T15 die replica
after sputter coating for 40 seconds. Images (a), (b), and (c) show the
surface around the radius of the replica while (d) is the bottom surface
where the bottom punch comes in contact with the powder. Note the
defect in this replica due to entrapped air during the curing process.

Mass measurements of the dies are given in Table 4.3. The initial and final values are
difficult to compare and contrast due to premature die failures of both the carbide and
T15. The 10V die was not used to failure and both values fall within the error of the
scale.
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Table 4.3

Mass measurements of dies with accuracy of + 0.0008. *Note the initial
mass of the tungsten carbide was measured on a scale with lower
resolution than the scales used to measure the final mass.
die
carbide
T15
10V

initial mass (g)
242.3*
213.6933
209.9949

final mass (g)
242.549*
213.6347
209.9942

Figure 4.13 shows approximately how many compacts were formed using the carbide die.
The die replicas for the carbide die were created at the intervals as previously described.
The surface roughness and profile measurements for carbide and T15 dies are given in
Figures 4.14 and 4.15. Die diameter measurements are given in Figure 4.16.

Figure 4.13

Approximately 90,000 Al compacts formed using tablet press
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Figure 4.14

Surface roughness measurements for carbide die replicas as measured by a
surface profilometer. All values fall within the + 0.5 accuracy of the
profilometer, thus no surface change is observed.
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Figure 4.15

Surface roughness measurements for T15 die replicas as measured by
surface profilometer. Note the change in surface roughness from 18,600 to
22,000 compacts after changing from aluminum to iron powder.
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Figure 4.16

Carbide and T15 replica diameters as measured by the surface
profilometer. No change was observed for either die as can be seen from
the straight horizontal lines.

The carbide die created 74,042 compacts before the punches seized, causing
catastrophic failure of the die and top punch (Figure 4.17). The press stopped running
and was shut down as soon as possible to prevent further damage. The upper punch shaft
broke away from the flange while trying to remove the seized mass from the press. The
entire seized mass was then removed from the press as one piece.

Upon visual

inspection, the top punch had plastically deformed and bent severely during the final
stroke causing seizure. There were numerous cracks in the carbide die insert from visual
inspection of the top of the die (Figure 4.18). Visual inspection of the bottom of the die
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insert showed two large cracks from the center of the die cavity outwards. The seized
mass of tooling, Figure 4.17, was disassembled using a small hand press. First the die
clamp was removed from the die. Next the bottom punch was pushed through the die to
remove the shaft of the top punch and compact. Lastly, the bottom punch was removed
from the die. The compact seized within the die was considerably larger than other
compacts, Figure 4.19. The dimensions were measured with calipers, diameter 6.38 mm
and length of 0.883 mm, and its relative density was calculated to be 0.973.

upper punch shaft
die

lower
punch

Figure 4.17

Punches and carbide die after removing from press after punches seized.

Figure 4.18

Fractured carbide die insert
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Figure 4.19

Compact that caused tool failure. Note the amount of flashing around the
top punch.

Many of the failed and worn punches were viewed in the SEM to inspect damage. They
were sputter coated for 15 seconds prior to viewing at a 10 kV accelerating voltage.
Figures 4.20 and 4.21 give several SEM images of the punches while more are shown in
Appendix G. Digital camera images of some fractured punches are given in Figure 4.22.
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Figure 4.20

SEM images of top punch number five (TP5) at 10 kV accelerating
voltage after coating for 15 seconds and orientation of top to bottom. The
top two images show the radius of the punch near the flat face. The
middle two images show the difference between the surface that come in
contact with the die (rough area on top) and the surface that does not
(smooth area on bottom). The bottom image is a zoomed area on the
lower right image.
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Figure 4.21

SEM images of top punch number four (TP4) at 10 kV accelerating
voltage after coating for 15 seconds and orientation of top to bottom. The
image regions are similar to those in Figure 4.21.

Figure 4.22

Five different fractured punches; side and top views.
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CHAPTER V
DISCUSSION
5.1

Die Compaction Behavior

Aluminum alloys were chosen because they are of great concern to the
automotive and aerospace industry due to their advantages in weight savings.

The

composition of the alloy is of high importance when dealing with wear resistance in the
finished part as well as the effect on tool life in manufacturing. The powder chosen for
the present research only has 0.75 wt. % Si, which makes it less abrasive than an alloy of
much higher Si or SiC content.

The results of the green density versus pressure

measurements from the AMB 2712 plus 1.5 wt. % Acrawax were close to the points
provided by the powder manufacturer (2.5% average difference). They also show the
trend that is to be expected of a plot of density versus pressure in that it becomes
asymptotically harder to increase relative density as the compaction pressure increases.
The relative density curve fit using the Shima and Oyane model fits the experimental data
points with 0.5% average difference.
The curve fits produced by PMsolver can be used in the future for modeling the
die compaction process. From this model, the goal is to predict end conditions and
optimize the process.
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5.2

Sintering and Mechanical Testing

The sintering conditions chosen for these experiments were based on similar data
provided in the literature, especially work by Schaffer et. al [67]. The DOE sintering
results were lower than anticipated. The TRS properties were approximately 5 to 6 times
less than expected as was the hardness values [67]. The densities did increase but upon
observation of the fracture surface, a band of darker, better sintered particles followed the
outer edge approximately 1 mm in thickness. The inside particles were not bonded well
and some could actually be scratched away from the sample with a fingernail. Failure to
accurately calibrate the furnace beforehand proved to be detrimental to experimental
results. What these results did show was a trend between experiments. Figure 4.7 shows
that the largest contributor to the properties was the compaction pressure.
The cylindrical compacts sintered well. The micrographs in Figure 4.12 compare
fairly well with results by Schaffer et. al. [34] in Figure 5.1.

Figure 5.1

Sintered Al-4Cu-0.6Si-0.1Mg at 20°C/min, 590°C, for 30 min in N2 [34]
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The compacts did have a substantial amount of oxidation as shown in figure 4.8.
Compression and radial crush tests were performed to assess the strength. The sintered
compacts failed as a ductile material with material flow in the radial direction unlike the
unsintered compacts which failed in a brittle manner. An interesting thing was observed
in that the discolored outer layer of the sintered samples broke off during the compression
testing in a brittle mode. This suggests that it is a form of oxide or possibly nitride that
formed during the sintering process.

5.3

Wear Measurements and Tool Failure

The surface profilometer took some time to calibrate. Due to the number of input
parameters required to take measurements, different results could be found without
thorough testing to find the optimum values. The replicas reproduced the die cavities
exceptionally well. Surface roughness values were most accurate (+ 0.1 μm) when taking
several small area scans of 1 mm2 or less, at a 2 mm/s measurement speed, at a consistent
resolution and averaging these values. This methodology proved to be excellent for
observing galling powder that had accumulated onto the die wall.

The process of

applying the replica was altered somewhat. Replicas were taken with the die installed on
the press and compaction was started immediately upon removal of replica. However,
the replica material was viscous enough under high applied pressure to squeeze between
the lower punch and die which was observed upon removal of the die from the press after
replicating. Because the material is very soft, it may not have an affect on the
performance of the die but a soft substance between the lower punch and die could entrap
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powder particles leading to decreased tool life. Five replicas were made using tape to
apply pressure and die removal showed no replicating material present inside tooling.
The carbide die did not show any wear throughout the first 70,000 compactions
based on the surface profilometer data. However, the die replicas only described the die
cavity from the top face of the bottom punch up to the opening on the die table. The
punch seizure started below the bottom punch face due to a buildup of powder between
the bottom punch and the die wall. This is proven by the large amount of flashing that
resided on the compact seized between the punches after failure. The lower punch also
had a significant amount of Al adherence and the die cavity had a thin layer of Al powder
in the area where the lower punch was positioned. Because the bottom punch was forced
out of the die, there is no way to quantify how much Al was “gummed up” between the
lower punch and die.
The T15 die was used second in the wear tests. The Al powder ran out after
18,619 compacts and Fe powder was substituted. The Fe powder was compacted at 92%
and 95% relative densities. It was obvious that the Fe compacts would have an effect on
the die cavity as they were very hot upon ejection due to adiabatic heating, unlike the Al
compacts. Over the next 20,000 compactions, five bottom punches failed for several
reasons. The first set of punches used in the Fe compaction failed due to mis-adjustment
of the lower punch. On the ejection stroke, the bottom punch face much rise flush with
the die table. The collets on the bottom ram were not adjusted tight enough causing the
bottom punch to sit lower than flush. This caused the compact to project out at an angle
instead of smoothly sliding across the die table and into the bin (see Figure 5.2). As a
consequence, one compact bounced back near the filled die and the upper punch struck it,
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overloading the press. The consequence was a fractured upper punch shaft and some
plastic deformation of the lower punch due to excess pressure.

Figure 5.2

Compact path due to lower punch face below flush with die table

A lower punch failed due to the locking nut on the upper punch adjustment handwheel
loosening. This caused the upper punch to gradually move lower towards the die table,
eventually pressing compacts at approximately 98% full density. The high loading of the
upper punched caused the bottom punch to fracture at approximately 45˚ angle. The
fracture surface was damaged however because the press could not be stopped quick
enough to prevent the broken base from repeatedly hitting the upper punch as the ram
continued to move up and down during the compaction cycle. Two bottom punch
failures can be attributed to misalignment of the lower plunger lifting arm or plunger
bushing. This misalignment was caused by the previous overloading or perhaps due to
the vibration experienced during press operation.
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5.4

Future Work

Several factors should be considered for future work. First of all, the powder
should be much more abrasive than the aluminum alloy used in the present work. The
idea is that a more abrasive powder mixture would initiate abrasive wear along the die
walls much faster as opposed to several hundred thousand compactions to observe
quantifiable die cavity wear. The adhesion of the aluminum between the die wall and
punches should also be carefully considered as it leads to galling or cold welding. It is
not known at the present time what is happening with respect to aluminum galling and
much more time should be devoted to understanding this mechanism.
Initial tests should be run using a ceramic powder such as Al2O3 or SiC to
accelerate wear. Also, a more accurate method needs to be determined to measure the
replica diameters. With respect to the Talysurf profilometer, some kind of fixture might
be created so that higher resolutions can be achieved as in the surface texture
measurements. After wear data are obtained using ceramic powder(s), then a high SiC
content aluminum alloy should be used with expectations of the wear rate to decrease
from that of the pure ceramic powder. One of the largest downfalls of the process is the
punch sensitivity to misalignment. Care should be taken to assure proper tool alignment
during the compaction cycles to maximize tool life and minimize press downtime.
Lastly, replicas were made at intervals from 1,000 to 10,000 compactions. However,
there was no attempt to observe the die surface within much smaller intervals such as
every 10 compactions. This could give further insight into surface roughness variation on
a compact to compact basis.
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CHAPTER VI
CONCLUSIONS

The calibration and replication studies of the surface profilometer and die replicas
show that this method can be used to determine variance in die cavity dimension and
surface texture. The lack of a trend in the surface roughness measurement data shows
that the total compaction number didn’t reach a high enough number to cause significant
wear in the carbide die. It is common for a die material such as carbide to produce one
million compacts before needing replacement. Numerous problems in pressing the iron
powder made for short life of the T15 die, however, most punch failures were due to
overloading and tooling mis-alignment as opposed to gradual material wear within the
cavity. The assumption the other two die materials (CPM 10V and CPM T15) should
wear faster than carbide could not be proven because of the introduction of Fe powder
with T15 and lack of Al powder supply. SEM images proved to be useful in observing
sputter coated replicas at low acceleration voltages. A recommended protocol has been
developed for making die cavity replicas which can be used for high wear alloys such as
Al-SiC as follows:
1)

Establish replication intervals (for example every 10, 100, or 1000)

2)

Stop press at specified interval and remove power plug from source

3)

Disengage feed shoe linkage to and turn feed shoe away from die cavity
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4)

Turn press by hand to point where lower punch has bottomed out and
there is maximum distance between top punch and die table

5)

Use vacuum to clean die cavity and die table thoroughly. Afterwards, use
a short burst of compressed air aimed into cavity followed by vacuum.
Thorough vacuuming initially is critical before introducing compressed air
as this could cause particles to blow into other areas of the press

6)

Wait a specified time after stopping the press before replicating (15 min
for example) for consitency

7)

Install new nozzle on RepliSet dispensing gun. Insert the nozzle into the
die cavity. Squeeze slowly while moving the nozzle upwards until there is
a small amount of RepliSet raised above the die table

8)

Place labeled (0, 90, 180, and 270°) piece of backing paper on top of filled
cavity and apply small amount of pressure by hand for several seconds

9)

Wait 10 to 12 minutes for silicone-rubber mixture to cure

10)

Remove replica by pulling up on two corners of the backing paper

11)

Label the replica and store

The data from the experiments established in Al and Fe can now be verified
computationally.
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APPENDIX A
MATHCAD WORKSHEET: TOOL COST CALCULATIONS
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Tooling Cost Calculations: Comparison of Carbide and Tool Steel
Intial Tooling Costs - Carbide Insert
1

Cc := 1.22⋅

cost per unit volume of WC-Co (92.01) die material [29]

3

cm

1
Ct := 17.6⋅
kg
ρ t := 7.86

cost per unit mass of tool steel

gm

density of tool steel

3

cm

h f := 20mm

fill height

Do := 47.6mm

enclosing diameter of the whole component

General Rules
die thickness

T := h f + 17.8mm
T = 37.8mm

carbide insert diameter

Dc := Do + 20mm
Dc = 67.6mm

die case diameter or size of corresponding press recess

Dd := 3⋅ Dc
Dd = 202.8mm
Volume of material required
2

CIC:=

π⋅Dc ⋅T⋅Cc

carbide insert cost (USD)

4

CIC = 165.51

π⎛ Dd − Dc
⎝
2

SDC :=

2⎞

⎠ T⋅ ρ t⋅Ct

cost of the tool steel die case (USD)

40

SDC = 15.01
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total material cost using carbide insert

MatCost total := CIC + SDC
MatCost total = 180.53

Tool Manufacturing Costs - Carbide
tool shop cost rate (USD/hr) to manufacture

ShopRate := 45
2

p pa := 7.02cm

part projected area

Pr := 134mm

part outside perimeter

T = 37.8mm

die thickness

⎡ ⎛ T ⎞ ⎤
⎢ ⎜ mm ⎟ ⎥
⎠ + 3⎥
⎢0.5⋅ ⎝
P
25.4
⎦ ⋅ ⎛⎜ r ⎞⎟
e⎣

⎝ mm ⎠

tEDM := 1.6 +

EDM cutting time (hr)

(60⋅ 25.4)

tEDM = 5.3
Assuming the carbide die machining time follows Figure 11.23 [63] then the EDM cutting time
is ~2.4 that of tool steel
EDM cutting time for carbide (hr)

t carbide := 2.4⋅ tEDM
tcarbide = 12.8

Fc :=

Pr

part outside profile complexity factor

2 π⋅p pa

Fc = 1.43

⎛ Pr ⎞ ⎛ T ⎞
⎜
⎟ ⋅F ⋅ ⎜
⎟
⎝ mm ⎠ c ⎝ mm ⎠
t f := 1.0 +

finishing time (hr)

2

25.4

t f = 12.20
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Assuming it also takes ~2.4 times longer to finish the carbide compared with tool steel
tfcarbide := 2.4⋅ tf

t fcarbide = 29.283
total die manufacturing time (hr)

ttotal := t carbide + tfcarbide
ttotal = 42.04

die manufacturing cost (USD/hr)

CM := t total ⋅ShopRate
CM = 1891.92
Total Tooling Cost - Carbide
ToolCost carbide := MatCost total + CM
ToolCost carbide = 2072.45 USD

Intial Tooling Costs - tool steel
1

Cc := 1.22⋅

cost per unit volume of WC-Co (92.01) die material [63]

3

cm

1
Ct := 17.6⋅
kg
ρ t := 7.86

cost per unit mass of tool steel

gm

density of tool steel

3

cm

h f := 12.7mm
Do := 6.35mm

h f := 20mm
Do := 47.6mm

fill height
enclosing diameter of the whole component

General Rules
T := h f + 17.8mm

die thickness

T = 37.8mm
Dd := 3⋅ Dc
Dd = 202.8mm

die case diameter or size of corresponding press recess
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Volume of material required
π⎛ Dd

⎝
SD :=

2⎞

⎠ T⋅ρ t⋅Ct

cost of the tool steel die (USD)

40

SD = 16.89
total material cost of tool steel die (USD)

MatCost total := SD
MatCost total = 16.89

Tool Manufacturing Costs - tool steel
tool shop cost rate (USD/hr) to manufacture

ShopRate := 45
2

p pa := 7.02cm

part projected area

Pr := 134mm

part outside perimeter

T = 37.8mm

die thickness

⎡ ⎛ T ⎞ ⎤
⎢ ⎜ mm ⎟ ⎥
⎠ + 3⎥
⎢0.5⋅ ⎝
P
25.4
⎦ ⋅ ⎛⎜ r ⎞⎟
e⎣

⎝ mm ⎠

tEDM := 1.6 +

EDM cutting time (hr)

(60⋅ 25.4)

tEDM = 5.3

Fc :=

Pr

part outside profile complexity factor

2 π⋅ p pa

Fc = 1.43

⎛ Pr ⎞ ⎛ T ⎞
⎜
⎟ ⋅F ⋅ ⎜
⎟
mm ⎠ c ⎝ mm ⎠
⎝
t f := 1.0 +

finishing time (hr)

2

25.4

t f = 12.20
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total die manufacturing time (hr)

t total := t EDM + tf
t total = 17.52

die manufacturing cost (USD/hr)

CM := t total ⋅ShopRate
CM = 788.30
Total Tooling Cost - tool steel
ToolCost toolsteel := MatCost total + CM
ToolCost toolsteel = 805.19 USD

Therefore, the cost of a carbide die compared with tool steel is
Increase :=

ToolCost carbide
ToolCost toolsteel

Increase = 2.6

increase in price when choosing carbide over tool steel
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APPENDIX B
STUDY PEFORMED ON CARVER HAND PRESS USING MICROSOFT EXCEL

66

Verifying carver hand press measurements using 7075 Al block
E = 70 Gpa - handbook value

Test block surface area
length (mm)
25

2

area (mm )
625

width (mm)
25

2

area (m )
0.0006

Press measurements
intial height (mm) final height (mm)
30.55
30.49
30.55
30.47
30.55
30.46
30.55
30.43

strain
0.0020
0.0026
0.0029
0.0039

Actual values
force (lb)
20000
25000
30000
40000

force (N)
88964.4
111205.6
133446.7
177928.9

stress (Pa)
142343104
177928880
213514656
284686208

young's modulus (GPa)
72
68
72
72

Guess calculations of F to closest match E = 70 GPa
measurment
1
2
3
4

guess F (N)
85900
114500
128800
171900

equivalent guess stress (Pa)
137440000
183200000
206080000
275040000

Difference between actual measured F and guess F
difference F (N) difference F (lb)
3064.4
689
-3294.5
-741
4646.7
1045
6028.9
1355

difference between stress (MPa)
5
-5
7
10
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young's modulus (GPa)
70.0
70.0
70.0
70.0

APPENDIX C
STOKES PRESS TOOLING DRAWINGS
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70
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APPENDIX D
TOOL MASS MEASUREMENTS
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APPENDIX E
RAW DATA FROM TALYSURF VALIDATION
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APPENDIX F
DILATOMETRY RESULTS FROM UNCALIBRATED MACHINE
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Dilatometry was performed on un-calibrated Anter Corp. Dilatometer (Unitherm Model
1161) in a N2 atmosphere using AMB 2712 samples at compaction pressure of 83 MPa.
The conditions were a heating rate of 3 ˚C/min, dwell time of 60 min, max temperature of
625 ˚C, and it was allowed to cool to room temperature before removing from the
dilatometer.

Dilatometry Data - Al Alloy
0.2
temperature
dimension

temperature (C)

600

0.1

500

0

400

-0.1

300

-0.2

200

-0.3

100

-0.4

0
0

30

60

90

120

150

180

time (min)
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210

240

270

300

-0.5
330

dL/Lo (%)

700

APPENDIX G
SEM IMAGES OF PUNCHES
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